Abstract: Bioleaching of metal sulfides is an interfacial process where adhesion and subsequent biofilm formation are considered to be crucial for this process. In this study, adhesion and biofilm formation by several acidophiles (Acidithiobacillus, Leptospirillum and Sulfobacillus) isolated from different biotopes with sulfide ores in Armenia were studied. Results showed that: (1) these bacteria adhere to pyrite surfaces to various extents. A correlation between pyrite biooxidation and adhesion of S. thermosulfidooxidans 6, L. ferriphilum CC, L. ferrooxidans ZC on pyrite surfaces is shown. It is supposed that bioleaching of pyrite by S. thermosulfidooxidans 6, L. ferriphilum CC, L. ferrooxidans ZC occurs by means of indirect leaching: by ferric iron of bacterial origin; (2) cells of At. ferrooxidans 61, L. ferrooxidans ZC and St. thermosulfidooxidans 6 form a monolayer biofilm on pyrite surfaces. The coverage of pyrite surfaces varies among these species. The order of the biofilm coverage is: L. ferrooxidans ZC ≥ At. ferrooxidans 61 > St. thermosulfidooxidans 6; (3) the extracellular polymeric substances (EPS) analysis indicates that the tested strains produce EPS, if grown either on soluble ferrous iron or solid pyrite. EPS are mainly composed of proteins and carbohydrates. Cells excrete higher amounts of capsular EPS than of colloidal EPS. In addition, cells grown on pyrite produce more EPS than ones grown on ferrous iron.
Introduction
Biomining is the term used to describe the technology that uses microbes to achieve metal extraction from minerals or waste materials. Biomining of gold or other precious metals normally involves a pre-treatment process using iron-oxidizing and/or sulfur-oxidizing bacteria or archaea prior to cyanide extraction [1] . This process is known as biooxidation. Compared to the traditional mineral processing technology like ore smelting/toasting, biomining is more attractive regarding to its lower energy costs and also is more environmentally friendly. In addition, due to the autotrophic lifestyle of most bioleaching microbes, bioleaching involves less carbon footprints (CO 2 fixation by autotrophs) compared to smelting operations (CO 2 emission) [2] . Biomining is an increasingly applied biotechnological procedure for processing of ores in the mining industry (biohydrometallurgy) [3] . This technology converts an insoluble valuable metal sulfide into a soluble form by means of microorganisms [4] . Iron-oxidizing bacteria destroy the lattice of the sulfide minerals to make the gold available for further extraction by cyanidation [1] . Studies have shown that Leptospirillum sp. (mainly Leptospirillum ferriphilum) are the dominating iron-oxidizing bacteria in gold-bearing arsenopyrite (FeAsS) and pyrite (FeS 2 ) in biooxidation reactors functioning at or over 40 • C [5] [6] [7] [8] .
A high Fe 3+ /Fe 2+ ratio, elevated temperatures (40 • C), as well as extremely low pH values (pH 1.0) are the most favorable conditions for the growth of the bacteria of the genus Leptospirillum [7, 9] . At present, this genus includes: L. ferrooxidans (Group I), L. ferriphilum, "L. rubarum" (Group II), and "L. ferrodiazotrophum" (Group III). Bacteria of the genus Leptospirillum are Gram-negative, acidophilic, motile vibrios, which fix carbon dioxide using the energy of Fe (II) ion oxidation [5, [10] [11] [12] [13] .
Recently, scientists emphasized the importance of bacteria of the genus Leptospirillum and their mixed cultures with other bacteria for biooxidation and bioleaching processes at temperatures above 40 • C [12, [14] [15] [16] .
The bacterial leaching of sulfide minerals is primarily an indirect process involving the reduction of ferric ions (Fe (III)):
MS + 2Fe
According to the indirect "contact" mechanism the oxidation of minerals is caused by Fe (III) ions complexed in extracellular polymeric substances (EPS). Thus, adhesion and biofilm formation by iron-oxidizing bacteria is essential for an efficient biooxidation or bioleaching of sulfide minerals [16] [17] [18] [19] [20] . The EPS mediate cell attachment to minerals as well as electrochemical reactions taking place at mineral surfaces during bioleaching processes [16, 19, 21] . However, there are few data concerning the adhesion of leaching bacteria like Leptospirillum spp. on pyrite, as well as evidence for a relation between their adhesion and intensity of iron-oxidizing activities in mineral bioleaching processes [22, 23] .
Most bacteria and archaea use the biofilm lifestyle in natural and artificial systems. A biofilm is considered to be a dynamic structure of a microbial population enclosed in a matrix [24] [25] [26] . The biofilm matrix is a complex mixture of EPS comprised of polysaccharides, proteins, lipids, and nucleic acids plus detritus [27] . Filling the intercellular space between cells, the EPS generate the structure of the biofilm matrix. The primary function of the EPS is to mediate the attachment of cells onto a substrate as well as to protect the cells from unfavorable environmental influences [28] . In addition, EPS have the function of aggregation formation and stabilization of biofilms. Depending on the mechanisms required for removal of EPS and their association with the cells, EPS can be subdivided into capsular (tightly bound) EPS and colloidal (loosely bound) EPS [29, 30] .
Biofilm formation is a prerequisite for efficient bioleaching of minerals [16, 21] . Thus, in order to improve bioleaching and better control of biocorrosion the study of EPS structure and function of EPS from bioleaching bacteria is of crucial importance [31] .
Despite the environmental and economic importance of these bacterial activities, very little fundamental information concerning chemical and biochemical events at the mineral surface during dissolution due to the presence of bioleaching microorganisms is available. The aim of the work is to study the main biological properties of iron-oxidizing and sulfur-oxidizing bacteria isolated from sulfide ores in Armenia. These include their ability to adhere on pyrite and to form biofilm and EPS during the bioleaching process.
Materials and Methods

Bacterial Strains and Growth Conditions
The iron-oxidizing strains Leptospirillum ferrooxidans ZC, L. ferriphilum CC, and the iron and sulfur-oxidizing bacteria Acidithiobacillus ferrooxidans 61, At. ferrooxidans 13Zn, Sulfobacillus thermosulfidooxidans 6 were isolated from several natural biotopes with sulfide ores in Armenia ( Figure S1 ). The pure cultures of these bacteria were obtained by streak plate method [32] . The bacterial characteristics are shown in Table 1 . Iron-oxidizing bacteria were cultivated in Mackintosh medium [33] containing 4.9 g/L ferrous iron at optimal temperature. In case of Sb. thermosulfidooxidans 0.02% yeast extract was added. Cells were harvested at 8000 rpm for 10 min at 20 • C, washed once and resuspended in 10 mL Mackintosh medium without ferrous iron for attachment and bioleaching tests. 
Bacterial Adhesion Test
Cells of At. ferrooxidans 61, At. ferrooxidans 13Zn, L. ferrooxidans ZC, L. ferriphilum CC and Sb. thermosulfidooxidans 6 were tested for bacterial adhesion onto the surface of pyrite grains for 0 min, 30 min, 60 min, and 120 min. The number of planktonic cells was determined by direct counting under the microscope by means of a Thoma chamber or by the most probable number (MPN).
For enumeration of iron-oxidizing bacteria, the method of ten-fold serial dilution was used. Dilutions (10 −1 -10 −9 ) of samples were used for inoculation. Cultures were incubated in Mackintosh medium. After 7-10 days of incubation the growth of bacteria was checked by light microscope (Leica, Wetzlar, Germany). Obtained results of bacterial cells were calculated using McCrady's table [34] .
The number of adhered cells was determined from the difference between the initial titre of bacterial cells and the cells observed in the liquid phase. The adhesion was determined as the percentage of adhered cells versus the initial cell number.
Bioleaching of Pyrite
For pyrite bioleaching experiments, strains were grown in Mackintosh medium containing Fe 2+ as an energy source. In the logarithmic growth phase, the cells were collected by centrifugation at 6000 rpm for 10 min. The collected biomass was washed with acidified Mackintosh medium (pH 1.8) and resuspended in the same medium. Pyrite (~95% FeS 2 ) from the Shamlugh ore deposit in Armenia ground to 43-63 µm was used for leaching experiments. Leaching experiments were carried out in 250 mL conical flasks. 50 mL Mackintosh medium without Fe 2+ , adjusted to pH 2.0 by H 2 SO 4 and a bacterial suspension with 5 g pyrite grains were added to the flasks. The initial cell number was 1-2 × 10 8 cells/mL. The bioleaching experiments were carried out at 37 • C with shaking (180 rpm). The intensity of pyrite oxidation was estimated by the quantity of the dissolved Fe 3+ and Fe 2+ ions in the medium. Sampling was performed over a period of 25-30 days. Fe 2+ and Fe 3+ ions were determined by complexometric titration by using ethylenediaminetetraacetic acid (EDTA). Total iron ions were determined by atomic-absorption spectrophotometry AAS 1N (Carl Zeiss, Jena, Germany) using an air-propane-butane flame.
Pyrite Coupon Preparation
Pyrite coupons were cut from pyrite cubes from Navajun (Spain) with a diamond saw. These coupons were cleaned and sterilized according to a previous report [35] . Biofilm formation experiments were performed with 5 × 10 8 cells/mL. Experiments were carried out in 100-mL Erlenmeyer flasks containing 50 mL Mackintosh medium (pH 1.8) at 30, 37 and 45 • C with shaking at 130 rpm.
Visualization of Attached Cells on Pyrite Coupons
Pyrite slices were rinsed with sterile Mackintosh medium and deionized water. Cells attached to pyrite coupons and their EPS were stained by Syto 9 (Invitrogen) and fluorescently labeled with Con A according to a previous report [36] . Stained samples were dried at room temperature and visualized by epifluorescence microscopy (EFM) (Zeiss, Jena, Germany) combined with atomic force microscopy (AFM) (BioMaterial™ Workstation, JPK Instruments, Berlin, Germany) for the investigation of cell morphology and distribution on the surfaces of pyrite coupons. At least three spots of each sample were documented.
Image Processing
Digital image analysis and a rough calculation of surface coverage were done by using the Axiovision LE 4.8 software (Zeiss, Jena, Germany) and an extended version of the software ImageJ (v1.52g, National Institutes of Health, Bethesda, USA) [37] , respectively. AFM files were processed using JPKSPM_Data_Processing_v5.0.81 (JPK Instruments, Berlin, Germany).
EPS Extraction
EPS extraction strains were grown in 10 L Mackintosh medium at 30, 37 and 45 • C with shaking at 130 rpm. In the stationary growth phase, cells were harvested by centrifugation for 10 min at 10,000 rpm at 4 • C. The colloidal and capsular EPS were obtained according to a previous report [29] .
Extraction of EPS of pyrite-grown cells: Bacterial strains were grown on pyrite in Mackintosh medium. To obtain sessile cells, 10 g of pyrite grains were washed with basal salt solution. Detachment of sessile cells from pyrite grains was performed mechanically by vortexing in 20 mL of basal salt solution at maximum speed for 5 min [38] . Solutions were used for analyses of the EPS composition of the strains. The content of carbohydrates, protein, and uronic acids were determined in 1 mL aliquots.
Determination of the Chemical Composition of the EPS
Carbohydrates were determined by the Dubois method [39] using glucose as standard and measured at 490 nm. The protein content was determined by the Bradford method using bovine serum albumin (BSA) as standard and measured at 595 nm [40] . The presence of uronic acids was determined by the Blumenkrantz and Asboe-Hansen method [41] . Cell lysis was evaluated by determination of 3-Deoxy-D-manno-oct-2-ulosonic acid (KDO) [42] . The concentration of carbohydrates, protein, and uronic acids were determined in µg per mL of culture medium.
Statistical Analysis
Experiments were done in triplicate; the results are given in mean values. Standard deviations (SD) generally amount to ≤10% for adhesion, ≤15% for EPS analysis, and ≤6% for surface coverage analysis.
Results and Discussion
Adhesion of Newly Isolated Strains and Bioleaching of Pyrite
The planktonic cells of L. ferriphilum CC grown on pyrite culture decreased by 1-2 × 10 8 cells/mL to 1 × 10 5 cells/mL and to 1 × 10 4 cells/mL, in 30 and 120 min (respectively) after inoculation.
The adhesion was 99% and 100% respectively ( Table 2 ). The initial adhesion of L. ferriphilum CC on pyrite mostly occurred within the first 30 min, whereas for cells of Sb. thermosulfidooxidans 6 and L. ferrooxidans ZC the adhesion reached only 88% and 93% after 120 min (Table 2) . Bioleaching of pyrite from Shamlugh ore (Armenia) was studied with L. ferriphilum CC, Sb. thermosulfidooxidans 6, L. ferrooxidans ZC. The concentrations of leached iron over time are shown in Figure 1 . The amount of total iron extracted from pyrite by L. ferriphilum CC was higher than that of L. ferrooxidans ZC or Sb. thermosulfidooxidans 6. The results of pyrite bioleaching ( Figure 1 ) together with the data on adhesion of cells seem to indicate that the extracted iron and amount of adhered cells are positively related. This agrees with previous findings [22, 32] .
It has been shown that up to 80-90% of a certain inoculum can attach to mineral surfaces from solution within 24 h [22, [43] [44] [45] . In addition, the initial attachment strongly depends on the species as well as their pre-cultivation conditions. In general, Leptospirillum spp. show higher attachment to pyrite than iron-oxidizing Acidithiobacillus spp., and among the latter ones, ferrous iron-grown or pyrite-grown cells show higher attachment to pyrite than sulfur-grown cells due to a chemically, considerably different EPS [45] . Nevertheless, some cells always remain in the planktonic state, even though the surface area for attachment is not the limiting factor [46, 47] . For example, if cells of At. ferrooxidans ATCC 23270 T or At. ferrivorans are incubated with pyrite for 24 h, about 50% of the cells attach under the experimental conditions [48] . In the current studies, L. ferriphilum CC showed a higher level of adhesion and pyrite oxidation than Sb. thermosulfidooxidans 6 and L. ferrooxidans ZC. The quantity of cell occurred in the following order: L. ferriphilum CC > L. ferrooxidans ZC > At. ferrooxidans 61. Sb. thermosulfidooxidans 6 showed the lowest adhesion to pyrite.
Biofilm Formation
The visualization of biofilm formation by cells of At. ferrooxidans 61, L. ferrooxidans ZC and Sb. thermosulfidooxidans 6 on pyrite coupons is presented in Figures 2-4 , respectively. In general, the three strains form a monolayer biofilm on pyrite. Also, the biofilms are highly heterogeneous, as has been reported for many bioleaching microorganisms [23, 49, 50] . At. ferrooxidans 61 and Sb. thermosulfidooxidans 6 colonize pyrite mainly in the form of individual cells. In some cases, At. ferrooxidans 61 formed chains of cells with up to 4.5 µm in length. Cells of Sb. thermosulfidooxidans 6 appears as short rods with a size of 0.5-0.8 µm × 1.0-1.7 µm. In case of L. ferrooxidans ZC, individual cells were spiral and large cell clusters with diameters of 25 µm occurred (Figure 3) . The formation of aggregates indicates that L. ferrooxidans ZC may possess the ability to produce large amounts of EPS. This is in agreement with the finding that Con A signals from EPS of L. ferrooxidans ZC were considerably denser than the ones from the EPS of cells of At. ferrooxidans 61 or Sb. thermosulfidooxidans 6. Surface colonization by the three strains increased over time as indicated by the coverage (Table 3) . Obviously, L. ferrooxidans ZC and At. ferrooxidans 61 are better colonizing pyrite surfaces than Sb. thermosulfidooxidans 6. This observation is consistent with previous reports [22, 23, 51] . 
EPS Analysis
As part of the cell membrane of Gram-negative bacteria, KDO can be used as a marker for contamination by membrane compounds due to cell lysis during EPS extraction. The amounts of KDO in the cell pellets after cell lysis with sodium dodecyl sulfate were compared with that in EPS. KDO in the EPS fraction was detected below <5% of that in cell pellets (not shown). A low content of KDO indicates that there was no significant cell lysis causing intracellular materials to be released into the solution during the extraction.
The EPS production of ferrous iron-grown as well as pyrite-grown cells of At. ferrooxidans 61, At. ferrooxidans 13Zn, L. ferrooxidans ZC, L. ferriphilum CC, and Sb. thermosulfidooxidans 6 were studied comparatively. As shown in Tables 4 and 5 , the total EPS (colloidal EPS plus capsular EPS) amounted to 49 µg/L, 34 µg/L, 37 µg/L, 49 µg/L, 28 µg/L for cells grown on ferrous iron, respectively. In regards to the total EPS of cells grown on ferrous iron, the EPS amount decreased in the following order: L. ferriphilum CC ≥ At. ferrooxidans 61 > L. ferrooxidans ZC > At. ferrooxidans 13Zn > Sb. thermosulfidooxidans 6. In contrast, pyrite-grown cells produced 2008 µg/L, 1877 µg/L, 2261 µg/L, 4237 µg/L, and 1812 µg/L EPS, respectively. Obviously, cells produce much higher amounts of EPS if grown on pyrite compared to the ones grown on ferrous iron. This is in agreement with previous studies indicating that microorganisms produce increased amounts of EPS if grown on a solid substrate compared to a soluble one [22, 45] . In addition, EPS production seems to be positively correlated with surface colonization and biofilm formation (Tables 3 and 5 ). If grown on ferrous iron, the bacteria produce higher amounts of colloidal EPS than of capsular EPS, with the exception of cells of Sb. thermosulfidooxidans 6. In contrast, cells produce higher amounts of capsular EPS than of colloidal EPS, except strain L. ferriphilum CC, if grown on pyrite (Tables 4 and 5 ). Data shows that the amount of carbohydrates in the capsular EPS produced by all bacteria grown on ferrous iron is considerably higher than that in the colloidal EPS. However, the colloidal EPS contain more protein in comparison with capsular EPS (Table 4 ). In case of pyrite as substrate, the amount of protein is generally higher than the value for carbohydrates for both capsular and colloidal EPS. Significant amounts of uronic acids were observed in the EPS produced of cells of L. ferrooxidans ZC grown on ferrous iron, of cells of At. ferooxidans 61 grown on pyrite, and of cells of L. ferriphilum CC grown on both ferrous iron and pyrite (Tables 4 and 5 ). If grown on pyrite, uronic acids were detected in the colloidal EPS of cells of Sb. thermosulfidooxidans 6. In the EPS of the other strains, uronic acids were not observed or below the detection limit. It should be noted that lipids are present in most of the EPS samples but the content could not be quantified due to analytical problems.
It is known that some microorganisms excrete organic compounds to form a conditioning film on solid surfaces. This film is able to modify the solid surface properties and, thus, change the subsequent adhesion and biofilm formation [52, 53] . Minerals like pyrite or chalcopyrite are more hydrophobic compared with bacterial surfaces [54, 55] . During the bioleaching process, due to an adsorption of (macro) molecules to the mineral surfaces, a conditioning film was formed, changing the surface properties of pyrite [56] . This phenomenon has been shown also for the bioleaching archaea e.g., Sulfolobus metallicus, Acidianus sp., or Ferroplasma acidiphilum [36] . In this context, a substantial amount of EPS excreted into the solution which may have been detected as colloidal EPS, and in this way, may function to form a conditioning film actively modifying the pyrite surface. The chemical composition of the EPS varies with their substrate consequently, and also the attachment differs as a function of substrate [21] . EPS produced by At. ferrooxidans mainly consist of natural sugars and lipids [22, 45] . For cells of L. ferrooxidans T , the total amount of EPS increases and EPS composition changes with the increased concentrations of galactose and ferrous iron. In addition, cells pre-cultured on galactose produce "stickier" EPS than the ones on ferrous iron [57] . Cells of Sb. thermosulfidooxidans excrete a substantial amount of humic acids apart from proteins and carbohydrates [56] . The EPS of other leaching relevant bacteria like Acidiphilum 3.2Sup(5) mainly contain carbohydrates and proteins. However, an improved EPS extraction as well as a reduced degree of cell lysis were obtained by using EDTA in comparison with other methods like NaOH, ion exchange resin, and heating and centrifugation [58] . EPS from a mixed culture dominated by At. caldus and L. ferriphilum grown on a chalcopyrite concentrate contained proteins, lipids, carbohydrates and iron(III)-ions [59] . A study on the EPS composition was done for mixed cultures of mesophiles, moderate thermophiles, and thermophiles growing on various mineral resources such as pyrite, sphalerite, and chalcopyrite in continuously operated bioleaching systems. Seventy percent of the EPS was mainly carbohydrates plus a smaller amount of proteins and trace levels of humic and uronic acids [60] . The characterization of two acidophilic microbial biofilms in the Iron Mountain, California, USA, indicated that EPS constituted of carbohydrates, metals, proteins and minor quantities of DNA and lipids [61] . The majority of research on the nature of the EPS produced by acidophiles like At. ferrooxidans was done in studies involving pyrite, sulfur and ferrous sulfate as substrates. These studies investigated the EPS as a whole and did not distinguish between the capsular and colloidal fractions. We detected that acidophiles excrete a substantial amount of EPS into the solution, even if grown on ferrous iron (Tables 4 and 5 ). The reason(s) for this and the function of colloidal EPS need further studies.
Conclusions
Several isolates from biotopes of sulfide ores in Armenia show the capability to form biofilms and produce EPS, while grown on either soluble ferrous iron or solid pyrite surfaces. The dissolution of pyrite is correlated with the quantity of adhering/attached cells. A monolayer biofilm developed on pyrite by At. ferrooxidans 61, Sb. thermosulfidooxidans 6 and L. ferrooxidans ZC. Large cell clusters formed by L. ferrooxidans ZC indicate their ability to produce high amount of EPS on pyrite. Biochemical analyses of EPS of the planktonic and attached cells on pyrite grains show that the main components of EPS are proteins, carbohydrates and uronic acids. 
